The high-frequency conductivity of Si ␦-doped GaAs/AlGaAs heterostructures is studied in the integer quantum Hall effect ͑QHE͒ regime, using acoustic methods. Both the real and the imaginary parts of the complex conductivity are determined from the experimentally observed magnetic field and temperature dependencies of the velocity and the attenuation of a surface acoustic wave. It is demonstrated that in structures with carrier density (1.3Ϫ2.8)ϫ10
I. INTRODUCTION
It is well known from numerous low-temperature resistivity measurements that the electronic states of a twodimensional electron gas ͑2DEG͒ whose energies are located between two adjacent Landau levels in a perpendicular magnetic field, are localized. Consequently, the conductance is determined by electron hopping between the localized states. The hopping mechanism is temperature dependent. At temperatures 1-4 K, the conductance is usually determined by nearest-neighbor hopping. In this case its temperature dependence is mainly exponential, xx (T)ϰexp(ϪE/kT) where E is the temperature-independent activation energy, see e.g., Refs. 1-3 and references therein. ͑We assume that the 2DEG is located in the xϪy plane, the magnetic field is parallel to the z axis, and the electric field is along the x axis.͒ At lower temperatures, TՇ1 K, the electron hopping distance appears to be greater than the typical distance between nearest neighbors: at such low temperatures it becomes difficult to find a neighbor whose energy is close to the initial one within the accuracy kT. In this so-called variable-range-hopping regime the conductivity xx is also exponentially small, 2, [4] [5] [6] but with an effective activation energy E, which is temperature-dependent.
To clarify the nature of the localized states, we study in this paper the two-dimensional high-frequency ͑hf͒ conductance of a 2DEG, xx (), by measuring the velocity and the attenuation of surface acoustic waves ͑SAW͒ propagating along the x direction nearby the electron layer. Acoustic methods are particularly promising for our task since ͉ xx ()͉ in the hopping regime may be of the same order of magnitude as the SAW velocity V. Because the screening of the electric fields produced by the SAW is determined by the ratio xx /V, the acoustic properties are sensitive to the variations in xx . Furthermore, the attenuation and the velocity of the SAW depend on the complex conductance,
and hence both the active 1 and the reactive 2 components can be detected. The active component can be then compared to the static conductivity dc . A pronounced difference will clearly indicate that the electron states are localized. We compare the experimental results for 1 () and 2 () with existing models for the dielectric response of localized states and extract relevant parameters of the latter.
The paper is organized as follows. In Sec. II the experimental setup is presented. Experimental results and their discussion are given in Sec. III. They are summarized in Sec. IV. Details of the derivation of the expressions we use are presented in the Appendix.
II. THE EXPERIMENTAL SETUP
A sketch of the experimental setup is shown in Fig. 1 . A SAW propagating along the surface of a piezoelectric crystal is accompanied by a wave of hf electric field. This electric field penetrates into a 2DEG located in a semiconductor heterostructure mounted on the surface. The field produces electrical currents which, in turn, cause Joule losses. As a result, there are electron-induced contributions both to the SAW attenuation and to its velocity. These effects are governed by the complex frequency-dependent conductivity, xx (), Fig. 2 .
III. EXPERIMENTAL RESULTS AND THEIR DISCUSSION
The expressions relating ⌫ and ⌬V/V to the complex conductance, 1 Ϫi 2 , can be extracted from Refs. 7 and 8. They read
͑2͒
Here kϭ/V is the SAW wave vector, K 2 is the piezoelectric coupling constant of the substrate ͑Y-cut LiNbO 3 ), and
In these equations, 1 ϭ50, 0 ϭ1, and s ϭ12 are the dielectric constants of LiNbO 3 , of the vacuum and of the semiconductor, respectively. a is the finite vacuum clearance between the sample surface and the LiNbO 3 surface and d denotes the finite distance between the sample surface and the 2DEG layer. In our experiment, the heterostructure was pressed to the piezoelectric platelet. Even in this case the clearance a remains finite because of some roughness of both surfaces. Since the actual clearance is hardly controlled, we treat a as an adjustable parameter. The quantity a is detemined by fitting the experimental data in the region of metallic conductivity where the complex conductivity is essentially frequency independent at our frequencies ͑30-210 MHz͒. The values of a are slightly different for different sample setups. We have checked that for a given setup the values of xx extracted in this way are indeed frequency independent in the above-mentioned range of magnetic fields. More details regarding the fitting procedure are given in Ref. 9 .
The parameters of our experimental setup are a ϭ0.5 m and dϭ0.59 m for the first sample, and 0.09 m for the second one. The reduced attenuation ␥ and velocity variation ␦v/v are given by the expressions
The experimental magnetic-field dependence of ␥ and ␦v/v for the sample with carrier density nϭ2.7ϫ10 11 cm Ϫ2 and mobility ϭ2ϫ10
5 cm 2 /V s are shown in Fig. 3 . Similar results have been found previously in GaAs/AlGaAs heterostructures. As can be seen, 2 practically vanishes near half-integer filling factors, i.e., when the Fermi level is close to any Landau level. In such regions 1 (), as has been shown in Ref.
11, appears to be close to the static conductivity dc . These facts indicate that the electron states are indeed extended. With a further increase of the magnetic field the Fermi level leaves the Landau band, a metal-dielectric transition takes place, and the electrons become localized in the randomly fluctuating potential of the charged impurities.
As the Fermi level departs from the Landau-level center, 1 () becomes clearly larger than dc , see Fig. 5 . Such a behavior can be qualitatively interpreted 11 as absorption by large clusters ͑''lakes''͒ disconnected from each other. Inside each cluster the absorption is determined by the value of dc . Since the area occupied by the clusters is less than the area occupied by the infinite cluster at the mobility edge, the effective 1 () is less than dc at half-integer . At the same time, 1 () is greater than dc in the same magnetic field because there is no infinite conducting cluster at the Fermi level. The imaginary part, 2 () increases as the Fermi level departs from the Landau-level's center.
At magnetic fields corresponding to small integer filling factors, when the Fermi level finds itself in-between the adjacent Landau levels, where dc Ϸ0, 2 () becomes about an order of magnitude larger than 1 , see Fig. 6 . Figure 7 depicts the temperature dependencies of 1 () at f ϭ30 MHz in magnetic fields corresponding to the midpoints of the Hall plateaus. One can see a crossover from a smooth temperature dependence at a strong magnetic field ͑5.5 T͒, to a rather steep increase with temperature at weaker fields. Such behavior is compatible with the idea that the conduc- tivity consists of two contributions. The first one is due to the extended states near the adjacent upper Landau level, while the second is coming from the localized states at the Fermi level. 12 The relative occupation of the extended states increases with increasing temperature because of thermally activated processes. Obviously, this effect is dominant at small magnetic fields.
We now turn to the region of low temperatures and filling factors close to 2, where hopping between the localized states gives the main contribution to dielectric response. To analyze the experimental results we adopt the so-called twosite approximation, according to which an electron hops between states with close energies localized at two different impurity centers. These states form pair complexes which do not overlap. Therefore, they do not contribute to the static conductivity but are important for the ac response. Being very simple, the two-site model has been extensively studied, see for a review Refs. 13-15 and references therein. In the following we will use the 2D version of the theory. 13 Some details of the discussion depend on the assumptions regarding both the density of localized states and the relaxation mechanisms of their population. We therefore rederive the theoretical results in Appendix A.
As is well known, 14 there are two specific contributions to the high-frequency absorption. The first contribution, the socalled resonant, is due to direct absorption of microwave quanta accompanied by interlevel transitions. The second one, the so-called relaxational, or phonon assisted, is due to phonon-assisted transitions, which lead to a lag of the levels populations with respect to the microwave-induced variation in the interlevel spacing. The relative importance of the two mechanisms depends on the frequency , the temperature T, as well as on sample parameters. The most important of them is the relaxation rate ␥ 0 (T) of symmetric pairs with interlevel spacing EϭkT. At ՇͱkT␥ 0 /ប the relaxation contribution to 1 () dominates, and only this one will be taken into account. Following the derivation given in Appendix A we obtain
Here g is the ͑constant͒ single-electron density-of-states at the Fermi level, is the localization length of the electron state, L T ϭlnJ/kT, J is a typical value of the energy overlap integral, which is of the order of the Bohr energy, while L ϭln(␥ 0 /). Equation ͑9͒ is valid provided that the logarithmic factors are large. Note that the product r ϭ(L T ϩL /2) is the distance between the sites forming a hopping pair. Note also that Eq. ͑9͒ is similar to the result obtained in Ref. 13 , but differs from it by some logarithmic factors and a numerical factor of 1/4. The analysis of 2 () is a bit more complicated because virtual zero-phonon transitions give a comparable contribution. The analysis presented in the Appendix leads to the following expression for the ratio 2 ()/ 1 (),
Here L c ϭln(ប c /kT), c is the cyclotron frequency, and c տ1 is a numerical factor depending on the density-of-states in the region between the Landau levels, see the Appendix. Using the estimate for ␥ 0 from Ref. 15 ,
valid for the piezoelectric relaxation mechanism, as well as other parameters relevant to the present experiment, one concludes that in the hopping regime 2 տ 1 . This conclusion agrees with the experimental results obtained for the middles of the Hall plateaus at 5.5 T and 2.7 T and ensures that the conductance mechanism in these regions is indeed hopping.
Given an experimental value for 1 , one can obtain from Eq. ͑9͒ the localization length provided that the singleelectron density-of-states g is known for given values of the magnetic field. This quantity has been obtained from the temperature-dependence measurements of the thermally activated dc conductivity.
1,3 It has been shown that for small filling factors the density-of-states in the plateau regions is finite and almost field independent, see Fig. 8 . Using the density-of-states versus mobility curve from Ref. 1, obtained for a sample similar to ours, we estimate the density-of-states as gϭ2.5ϫ10 24 cm Ϫ2 erg Ϫ1 . On the other hand, according to Ref. 3 , the density-of-states as function of the magnetic field H can be expressed by the interpolation formula
where is the mobility of the 2D electrons while g 0 ϭm/(ប 2 ) is the 2D density-of-states at Hϭ0. From Eq. ͑11͒ we obtain for Hϭ5.5 T the density-of-states gϭ1.7 ϫ10 24 cm Ϫ2 erg Ϫ1 . Using the first estimate for the density-of-states one obtains ϭ6.5ϫ10
Ϫ6 cm, that is about 1.6 times greater than the spacer thickness l sp ϭ4ϫ10 Ϫ6 cm. On the other hand, it is the spacer width that characterizes the random potential correlation length in the 2DEG layer. Hence, this fact contradicts our interpretation of experimental results in terms of pure nearest-neighbor pair hopping.
To improve the agreement with the two-site hopping model, we assume that the high-frequency hopping conductivity of the 2DEG channel is shunted by hopping along the doping Si ␦ layer. This assumption can be substantiated as follows. Let us suppose that at the middle of the Hall plateau 1 ϭ2 ϭ4ϫ10 Ϫ7 ⍀ Ϫ1 and 2 ϭ2 ϭ2.4ϫ10 Ϫ6 ⍀ Ϫ1 are entirely determined by the hopping conductivity along the Si ␦ layer. Such a contribution is only weakly dependent on the magnetic field because the latter is too weak to deform sig- We now analyze the dependence of the differences F 1 ϵ 1 Ϫ 1 ϭ2 and F 2 ϵ 2 Ϫ 2 ϭ2 on the filling factor . The plots of log F i versus are shown in Fig. 9 , associated with the hopping along the Si-␦-layer. Using the extrapolated values of F 1 and F 2 to extract the 2DEG contributions to 1 and 2 , one can calculate the electron localization length at ϭ2 from Eq. ͑9͒. This procedure is corroborated by the fact that the experimental ratio F 2 /F 1 ϭ5 is close to the theoretical value 4.2 coming from Eq. ͑10͒. The localization length at ϭ2 obtained in this way is ϭ2ϫ10 Ϫ6 cm, which is half of the spacer width. This estimate makes realistic the ''two-site model,'' which we have extensively used. It should be emphasized, however, that from the above value of , the hopping length r is estimated to be 1.4ϫ10 Ϫ5 cm. Consequently, there is an interplay between hops to the nearest and more remote neighbors. A more rigorous theory for this situation should be worked out. Such a theory should also explain why the magnetic-field dependencies of 1 and 2 at the vicinity of ϭ2 appear to be different-the 1 (H) dependence is more pronounced than the 2 (H) one. According to the two-site model, both are determined by the respective dependence of the localization length on the magnetic field and should be similar. Indeed, their ratio, from Eq. ͑10͒, is almost field independent. It follows from the experimental data that there exists an additional mechanism leading to the pronounced decrease of 2 as the Fermi level falls into the extended states region. A probable mechanism is thermal activation of electrons from the Fermi level to the upper Landau band, leading, first, to a decrease of the number of pairs responsible for the hopping conductivity, and, second to a screening of the electric-field amplitude produced by the SAW. We hope to work out a proper quantitative theory in the future.
IV. CONCLUSIONS
The above analysis leads to the following conclusions: ͑1͒ At the vicinity of the Hall plateau centers, highfrequency hopping conductance in the 2DEG layer can be effectively shunted by hopping inside the doping ␦ layer.
͑2͒ When the shunting effect is properly subtracted, the results appear to be compatible with the nearest-neighbor two-site model of hopping conductivity.
͑3͒ The localization length determined at different magnetic fields ͑and, consequently, different filling factors͒ by the above method, scales as the magnetic length a H ϭ(ប/eH)
. This agrees with the concept of nearestneighbor hopping.
͑4͒ The interpretation of the imaginary part of the conductivity 2 (), appears more complicated. While the magnetic-field dependence of the real part of the hf hopping conductivity of 2D electrons seems to be determined by the magnetic-field dependence of the localization length-the slope of log (H), calculated from the values of F 1 ϭ2 (H) using Eq. ͑9͒, is close to the slope of log (H) in Ref. 2-the magnetic-field dependence of the imaginary part of the hf conductivity has been explained so far only qualitatively. A more detailed quantitative analysis, which would include a proper account of the screening of the SAW-induced hf electrical field by both layers, is required.
It is worth emphasizing that the acoustic method used in the present paper allows the determination of the localization length near the Hall plateau centers.This is very difficult to achieve using a dc technique.
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APPENDIX: DERIVATION OF "…
The derivations of the complex () within the two-site approximation have been extensively discussed, see e.g., Refs. 14 and 15. However, the resulting formulas differ in some details. These differences are mainly due to different assumptions about the relaxation of the occupation numbers of the localized states. We therefore present here a unified derivation, in order to clarify the various assumptions and notations.
Let us characterize the sites by the single-electron energies 1,2 , which would be the actual energies if the Coulomb correlation between the occupation numbers is ignored. The two electron energies, in the absence of quantum hybridization of the states, can be specified by four terms, 
